Mouse mammary tumor virus (MMTV) is a B-type retrovirus which induces predominantly mammary carcinomas after a relatively long latency period. To date, very little is known about the reasons for the strict tissue specificity of MMTV. The BALB/cf/Cd strain of mice, which was infected with milk-borne MMTV(C3H), shows a high incidence of kidney adenocarcinomas, and our data suggest that MMTV might be involved in the formation of these tumors. Newly integrated exogenous MMTV proviruses were found in the genome of transplanted tumor cells as well as in the DNA of a cell line derived from one tumor, but not in normal cells of BALB/cf/Cd mice. The MMTV DNA in these tumor cells was transcribed and viral RNA synthesis was strongly stimulated by glucocorticoid hormones. Viral structural polypeptides, comparable in size and antigenicity to MMTV polypeptides of infected mammary tumor cells were synthesized and processed normally in the cell line and were organized correctly into intracytoplasmic particles. Heteroduplex analysis of the molecularly cloned MMTV proviral DNAs of kidney and mammary tumor origin revealed a high degree of homology in the gag, pol, and env genes. A striking difference, however, was observed in the U3 region of the two LTRs that might relate to the different tissue specificity of the two viruses.
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Mouse mammary tumor virus (MMTV) is a slowly transforming virus which induces neoplastic disease after a long latent period (6 to 12 months). The virus is highly tissue specific, being involved in the transformation of mammary gland cells (for reviews, see references 7 and 40). However, MMTV has also been associated with murine thymic lymphomas in GR and CWF mice (14, 38) and with renal adenocarcinomas in certain BALB/c mice (10) . Although renal carcinomas in mice are in general very rare (23) , this BALB/cf/Cd substrain of mice, selected from a colony of BALB/c mice foster-nursed on C3H mothers, showed a 70% incidence of spontaneous kidney adenocarcinomas. These tumors, affecting male and female mice between the ages of 9 and 15 months, appeared in both kidneys as small nodules or as solid carcinomas at later stages of tumor progression. Interestingly, mammary tumors were no longer observed in these mice (10) . In thin sections of transplanted tumor tissue, intracytoplasmic and extracellular viral particles resembling A-and B-type particles characteristic of MMTV were shown to be present (24) . The role of MMTV in the formation of these kidney adenocarcinomas has not been studied. Several reports suggest that the oncogenic potential of nonacutely transforming retroviruses is specified by the long terminal repeat (LTR) sequences flanking the viral structural genes (16, 58) . By using in vitro recombination of viruses with different disease spectra, it has been shown that the proviral LTR plays a major role in the tissue specificity of the disease (9, 15, 57) . In the case of particular murine leukemia virus (MuLV) strains, it was shown that sequences in the U3 portion of the LTR can direct tissue specific transcription (8) .
The unusual susceptibility of BALB/cf/Cd mice to renal tumors and the absence of mammary tumors in this inbred substrain might therefore be due to selection of a variant * Corresponding author. virus showing a new target cell specificity and oncogenic potential.
In this paper, we present evidence that transplanted kidney tumors and an established cell line derived from one of them contain multiple exogenous MMTV proviruses integrated in their genomes. They synthesize high levels of MMTV-specific mRNA. Viral RNA and protein synthesis in the cell line was strongly stimulated by the presence of glucocorticoid hormones in the medium. The sizes of the viral mRNA and polypeptides were indistinguishable from those from MMTV-infected mammary tumor cells. The polyclonal antibodies used in this study revealed no Groner and Hynes (26) . RNase treatment and phenol extraction were then performed as mentioned above.
The DNAs were digested overnight with different restriction enzymes in buffers recommended by the suppliers. Usually, 10 ,ug was digested with a 5-to 10-fold excess of enzyme, electrophoresed on agarose gels (0.8%), and transferred to nitrocellulose filters (51) . The filters were hybridized for at least 20 h at 650C with 32P-labeled probes (3 Tris hydrochloride (pH 8)-i mM dithiothreitol-0.2% Nonidet P-40 by the addition of 1% SDS, extraction with phenol-chloroform, and ethanol precipitation (27) . Purification of polyadenylated RNA was performed by chromatography on an oligo(dT)-cellulose column. The polyadenylated RNA was analyzed essentially as described previously (6 (34) . The recombinant DNAs were packaged into A phages in vitro and screened as described previously (2, 30) . EcoRI inserts of recombinant A phages DNAs were isolated from low-gelling-temperature agarose gels and recloned into the EcoRI site of pBR322. Four of the plasmids were used for further analysis: pMKS7, which contained the 5' part of an exogenous provirus, and pMKSiO, pMKL4, and pMKL7, each of which contained the 3' part.
Electron microscopy of heteroduplexes. Two of the plasmids obtained above were used to compare the MMTV proviruses from the kidney tumor-derived cell line with MMTV proviruses isolated from mammary carcinomas. (i) pMKS7 contained a 6 kilobase (kb) EcoRI insert with 0.35-kb 5' cellular sequences in addition to the exogenous 5' LTR and the gag and the pol gene. This 6-kb EcoRI fragment was annealed to the 9-kb EcoRI insert fragment of clone H (6), which represents the permuted form of the complete exogenous MMTV(GR) provirus with one LTR. (ii) pMKS10 contained a 4.8-kb EcoRI insert, of which 4.2 kb represent the exogenous proviral env gene and the 3' LTR and 0.6 kb are 3' adjacent cellular DNA sequences. This 3' virus-cell DNA junction fragment was compared with another plasmid, p64.5, which contained a corresponding fragment cloned from a BALB/c mammary tumor induced by C3H virus (25) . The insert in p64.5 was a 4.7-kb HindIII fragment subcloned from Xclone 6 (25) . In this case, the 3' proviral part was 0.2 kb shorter than in pMKS10, as the unique HindIII site is located 0.2 kb downstream of the EcoRI site (see Fig. 4 ). This fragment contained about 0.7 kb of cellular flanking sequences. The plasmids to be compared were digested with EcoRI or HindIII, mixed in 100 ,u of 70% (12) . Hybridization of EcoRI-digested DNA with a 2-kb PstI fragment of the MMTV env gene (6) therefore detects the two 3' virus-cell junction fragments of 6.1 kb (unit II) and 9.6 kb (unit III) (Fig. 1, lane 1) .
The analysis of proviruses in primary kidney adenocarcinomas proved difficult because of the small number and size of the tumors available. Electron microscopic observation of primary tumor tissue failed to provide evidence of extensive production of B-type particles, although such particles were observed in the transplanted tumors (24) . In one of the few primary tumor DNAs examined, we found an additional provirus by molecular hybridization (25 (32) . When hybridizations were performed to the MMTV env probe, the pattern of MMTV integration was found to be the same in the transplanted kidney tumor and the kidney adenocarcinoma cell line (Fig. 1, lanes 2 and 3) .
Amplification of endogenous MMTV during serial transplantations of thymic lymphomas has been reported (22) . It was thus important to determine whether the additional proviruses integrated in the genome of kidney tumor cells could be attributed to exogenous viruses. Some restriction enzymes, e.g., BamHI and PstI, can be used to discriminate between endogenous and exogenous proviruses (13) . The presence of a 1.3-kb band after BamHI digestion and hybridization to the env probe is characteristic of exogenous MMTV proviruses. When the high-molecular-weight DNA of the kidney tumor cell line was digested with BamHI, the 1.3-kb band was detected, and its intensity suggested that most of the newly acquired proviruses of the kidney tumor cells were of exogenous origin (Fig. 1, lane 4) . These data were confirmed and extended by restriction enzyme analysis of several recombinant plasmids isolated from a genomic library of the tumor cell DNA (see below and Fig. 4 ).
Transcription of MMTV proviruses in kidney adenocarcinoma. Endogenous MMTV proviruses are usually very poorly transcribed; the integrated genomes are present in regions of chromatin which are heavily methylated and may be transcriptionally inactive (11, 31) . In contrast, infectious MMTV after proviral integration is transcribed into genomic RNA which is encapsidated in viral particles and used for the synthesis of the internal viral proteins and into a subgenomic mRNA encoding the viral envelope glycoproteins (27, 47).
We isolated RNA from a serially transplanted kidney tumor and the kidney tumor cell line. Polyadenylated RNA was selected on oligo(dT)-cellulose, electrophoresed on agarose gels, transferred to nitrocellulose filters, and hybridized to a nick-translated MMTV LTR probe. The transplanted tumor cells synthesized high levels of 9-kb MMTV genomic RNA and 4.4-kb MMTV env mRNA (Fig. 2, lane 2) . No transcripts from the endogenous MMTV proviruses were detected in the liver (Fig. 2, lane 1 ). There were no obvious differences in the sizes and the abundance of these mRNAs when compared with MMTV mRNA from mammary carcinoma cells (6, 27, 47) . Tissue culture cells have been used to study the stimulation of MMTV expression by glucocorticoid hormones (44, 46) . When the kidney tumor cell line was grown in the presence of 10-6 M dexamethasone, a synthetic glucocorticoid hormone, virus-specific transcription was stimulated by a factor of 10 to 15 (Fig. 2, lanes 3 and 4) . After longer exposure of the film, some additional bands, the most prominent one corresponding to a size of 2.2 kb, also appeared in the tracks containing RNA of the cells grown with glucocorticoid hormones (data not shown). These RNAs have not been characterized further. No significant amounts of mRNA of 1.7 kb, which could code for the orf gene product (56, 60) , were observed.
Synthesis and processing of MMTV-specific polypeptides in the kidney adenocarcinoma cell line. As a next step in the characterization of the expression of MMTV in the kidney adenocarcinoma cell line, we determined whether the MMTV mRNAS were translated and whether viral polypeptides could be assembled to form particles. Cells were labeled with [35S]methionine for 1 h, and after a chase of 3 h, the viral polypeptides present in the cytoplasmic extract were immunprecipitated with rabbit antiserum directed against the major core protein p27 or the envelope glycoprotein gp52 of MMTV. After immunoprecipitation with anti-EXOGENOUS MMTV IN KIDNEY ADENOCARCINOMAS 5 p27 serum and analysis by electrophoresis on an SDSpolyacrylamide gel, the gag-related precursors Pr77, Pr61, and Pr34 were readily detected (Fig. 3A, lanes 1 and 2) . As in MMTV-producing mammary tumor cells, the Pr34 intermediate cleavage product accumulates in the cytoplasm of kidney cells and is finally processed to p27, the major MMTV gag protein (Fig. 3A, lane 2) (17, 52, 53) . When the anti-gp52 antiserum was used, mature gpS2 as well as the cytoplasmic precursor gPr73 was observed (Fig. 3A, lanes 3  and 4) (18) . Dexamethasone has also been shown to stimulate MMTV production (19, 44) . Twenty hours after the addition of the hormone, an increase of approximately fivefold in viral gag protein and a small increase in viral env protein synthesis were observed in the kidney tumor cell line (Fig. 3A) . Although these increases were less than the increase in MMTV-specific mRNA in response to glucocorticoid stimulation (Fig. 2) , no major defects in the synthesis or processing of viral polypeptides occurred in the kidney tumor cell line. After labeling with [35S]methionine for 3 h, intracytoplasmic A type particles were partially purified and then immunoprecipitated with anti-p27 and anti-gp52 sera (Fig. 3B, lanes 1 to 3) . In the initial stages of purification, the intermediates of the Pr77 gag and Pr73 env genes were detected (Fig. 3B, lanes 1 and 2) . In the purified fraction, immunoprecipitated with anti p27, essentially only the Pr77 gag polypeptides, which represent the major components of the immature viral core, were found (Fig. 3B, lane 3) (53) .
Thus, the MMTV polypeptides synthesized in the kidney tumor cell line were similar to those synthesized in MMTV(C3H)-producing cell lines (50) . No obvious qualitative or quantitative differences were observed with the anti-p27 and anti-gp52 sera that we used.
Cloning of MMTV proviral DNA from the kidney tumor cell line. A gene library of EcoRI-digested tumor cell DNA was constructed with the XgtWESXB phage (30, 34) . A total of 30 phages containing MMTV sequences were identified and purified (2) . The isolated recombinant DNAs were subsequently digested with either EcoRI, PstI, or BamHI, electrophoresed on agarose gels, transferred to nitrocellulose filters, and hybridized to either the gag-or the env-specific probe (see Fig. 4 ). This allowed us to identify 5'-and 3'-specific clones and to determine whether a particular 5 (6, 25) (Fig. 4) (25) . After denaturing and reannealing, the hybrid molecules were immediately mounted for electron microscopy. About 20 heteroduplexed molecules were analyzed in both instances (an example of each is shown in Fig. 5 Kidney T. TAGACCTCCT TGGTGTGTGT TGTCTCAAGA AGAAAAAGAC GACATGAAAC ********** ****** *** ********** .********** ********** Mamm. T.
TAGACCTCCT TGGTGTATGT TGTCTCAAGA AGAAAAAGAC GACATGAAAC -- provided by sequencing the region of interest. For three independent clones (pMKS10, pMKL4, and pMKL7), the identical nucleotide sequence was obtained (Fig. 6) AT rich (70% AT/ATGC). As a consequence of this replacement, the C-terminal portion of the open reading frame, orf, is different from that of the orf in the normal LTR (37) . The first 48 bases of the inserted foreign DNA code in frame for 16 amino acids followed by two stop codons. The normal orf protein encoded by the MMTV(C3H) LTR contains 319 amino acids. The sequence divergence in the novel LTR reported here would therefore cause a shortening of the orf protein (303 amino acids) and a replacement of the last 32 amino acids of the normal orf by a new C-terminal of 16 amino acids. We also observed a small deletion of 18 bp from nucleotide position -205 to -186 and a single-base deletion of the nucleotide at position -182 in the novel DNA sequence as compared with the normal LTR. The nucleotide sequence of the 3' 511 bp of the LTR as well as some sequences near the 5' end of the LTR were determined (data not shown). Excluding the 0.1-kb substitution and the deletions, 2.4% of the nucleotides were changed in the novel LTR reported here when compared with the nucleotide sequence published for the MMTV(C3H) LTR (37) .
DISCUSSION
Exogenous MMTV proviruses are integrated in the DNA of kidney adenocarcinoma cells, and their expression is regulated by glucocorticoid hormones. Although MMTV is a causative agent of carcinomas of the mammary gland, viral expression has also been demonstrated in other organs, including the kidney of MMTV-infected mice (3, 40) . Moreover, BALB/c primary kidney cells have been shown to support MMTV replication in tissue culture (35) . These observations suggest that the kidney may constitute a potential target for pathological alterations by MMTV. The BALB/cf/Cd substrain of mice was obtained by foster nursing BALB/c mice on C3H mothers and continuous selection for high incidence of kidney adenocarcinomas (10) . These mice have lost their high incidence of mammary tumors, although virus seems to be transmitted and detectable in at least some primary kidney tumors (25) . The acquisition of additional MMTV proviruses is generally required for tumor formation by the virus (13) .
We have demonstrated that new MMTV proviruses are present in kidney adenocarcinomas growing in the BALB/cf/Cd mice and that these newly acquired proviruses are probably exclusively of exogenous origin. This suggests that MMTV infection may play a role in kidney tumor formation in the BALB/cf/Cd strain of mice. MMTV can integrate at many sites in the host genome (13) , but recent studies have shown that it may induce mammary tumors by preferential proviral integration near two chromosomal loci called int-1 and int-2 (20, 43) . Recently, we have presented evidence that another chromosomal domain, which is called int-41 and is different from the int-1 and int-2 loci, might be involved in renal tumorigenesis in the BALB/cf/Cd strain of mice (25) .
MMTV expression is stimulated by glucocorticoid hormones in the BALB/cf/Cd kidney adenocarcinoma cells. Since the expression of endogenous MMTV provirus is not significantly affected by glucocorticoids (21) , the hormonal modulation of MMTV transcription in the kidney tumor cells probably reflects an activation of expression of the newly acquired exogenous proviruses. These findings, together with the indistinguishable patterns of the major mRNAs found in the kidney tumor cell line and in mammary carcinoma cell lines, show that the exogenous viruses found in the two systems behave very similarly. The (4) and kidney adenocarcinomas (24) but also in thymic lymphomas (14, 55) and mouse Leydig-cell tumors (41 (9, 15, 16, 57, 58) . In one case, it has been shown that these sequences allow efficient transcription in a given target cell (8 (29) . Efficient viral replication and transcription would, however, be restricted to specific cell types. Cellular transformation might therefore only be observed in these particular tissues. The breeding requirements for the maintenance of the high kidney adenocarcinoma incidence in the BALB/cf/Cd mice indicate both maternal and paternal contributions. Different methods of infection will have to be tried to test the infectivity of the MMTV produced by the kidney adenocarcinoma cell line. Similarly, the potential to promote transcription from the new MMTV LTR will be tested in tissue culture cells by using recombinant DNAs.
In summary, we have described a new exogenous MMTV isolated from a kidney adenocarcinoma cell line. This virus has biological properties very similar to those of the milkborne strains described earlier except that it seems to have an altered target cell specificity for replication and neoplastic transformation. The observation of a striking alteration in the U3 region of the viral LTR makes it attractive to speculate that this change allowed this virus to acquire a new target cell specificity.
